Porcine parvovirus (PPV), characterized as a member of the autonomous parvoviruses, causes fetal death and mummification in swine fetuses (25, 29) . The virion contains a 5-kb linear, minus-polarity single-stranded DNA genome (33) encapsidated within a simple icosahedral protein coat composed of three structural polypeptides (84, 64, and 60 kDa) (32). In addition to the three structural polypeptides, at least one nonstructural polypeptide (86 kDa) is produced within infected cells (35). Similar to other parvoviruses, PPV undergoes replication through duplex replicative-form (RF) intermediates which form the template for single-stranded DNA progeny and RNA transcripts. Only the minus strand is packed into virion particles (33, 49) . In addition to virion particles containing DNA, designated full particles (density of 1.39 g/ml), noninfectious empty particles without viral DNA (density of 1.30 g/ml) are synthesized and released from PPV-infected cells (11, 32 (3, 4, 39, 47, 48) . Comparative studies have revealed a profound variation in pathogenicity among PPV isolates (10, 22, 31, 34) . Moreover, other clinical manifestation besides reproductive failure, such as dermatitis (26) and enteric diseases (16, 18, 57) , were reported to be associated with PPV.
Swine testicle (ST) cells and Madin-Darby canine kidney (MDCK) cells differ in their ability to support replication of porcine parvovirus (PPV). Viral replication events in ST cells, a permissive cell type, and MDCK cells, a nonpermissive cell type, were compared in an attempt to elucidate putative mechanisms of restrictive virus replication. Radiolabeled PPV bound to the cell surface of both cell types equally well and the binding was shown to be PPV specific, indicating that the restriction was not at the cell surface level. In contrast, profound differences in intracellular events in PPV replication were observed between these two cell types. Synthesis of viral DNA was limited in MDCK cells in that the percentage of cells with replicative-form DNA as determined by strand-specific probe in situ hybridization was approximately 100-fold lower in MDCK cells than in ST cells at the same multiplicity of infection. Northern (RNA) blot analysis, using oligonucleotide probes derived from both structural and nonstructural protein-coding regions of the PPV genome, revealed four PPV mRNA transcripts from infected ST cells. Comparatively, RNA species from the structural protein coding region were actively transcribed in MDCK cells, but synthesis of RNA species from the nonstructural protein coding region was negligible. Immunoprecipitation of viral polypeptides revealed the three characteristic structural polypeptides, VP1, VP2, and VP3, along with the nonstructural polypeptide, NS-1, from ST cells. In contrast, neither viral structural or nonstructural polypeptides nor progeny virions were produced from MDCK cells. The data suggest that mechanisms controlling permissiveness of cells to PPV infection are associated with the level of viral DNA replication, RNA transcription, and viral antigen expression but not absorption to the cell surface.
Porcine parvovirus (PPV), characterized as a member of the autonomous parvoviruses, causes fetal death and mummification in swine fetuses (25, 29) . The virion contains a 5-kb linear, minus-polarity single-stranded DNA genome (33) encapsidated within a simple icosahedral protein coat composed of three structural polypeptides (84, 64, and 60 kDa) (32) . In addition to the three structural polypeptides, at least one nonstructural polypeptide (86 kDa) is produced within infected cells (35) . Similar to other parvoviruses, PPV undergoes replication through duplex replicative-form (RF) intermediates which form the template for single-stranded DNA progeny and RNA transcripts. Only the minus strand is packed into virion particles (33, 49) . In addition to virion particles containing DNA, designated full particles (density of 1.39 g/ml), noninfectious empty particles without viral DNA (density of 1.30 g/ml) are synthesized and released from PPV-infected cells (11, 32) .
Parvoviruses cause a range of clinical manifestation in various host species, such as in utero infection and fetal death (pigs [PPV] (3, 4, 39, 47, 48) . Comparative studies have revealed a profound variation in pathogenicity among PPV isolates (10, 22, 31, 34) . Moreover, other clinical manifestation besides reproductive failure, such as dermatitis (26) and enteric diseases (16, 18, 57) , were reported to be associated with PPV. Dissection of the mechanisms controlling the permissiveness of different cells and tissues to support replication of this particular virus is therefore fundamental to an overall understanding of virus-induced disease. synthesis pathways for growth and replication, the host provides considerable influence over the fate of a parvovirus infection. These host cell functions appear to be expressed transiently during the S phase of the cell cycle (49) and in the differentiated state (30, 52) . Such cell functions are shown to be associated in the level of viral DNA replication and gene expression (21, 42, 53, 54) .
Replication of a virus in an infected cell is limited by certain factors, one of which is the requirement of a specific cell surface receptor. This cellular receptor is essential for uptake of the virus into the cell and subsequently permits the infection. Replication of parvoviruses, specifically of PPV, may not be limited on the cell surface level, since PPV is internalized in both nonpermissive and permissive cells, as determined by flow cytometry (45) . In a separate study, monoclonal antibodies produced against permissive cells were shown to recognize proteins presented on either permissive or nonpermissive cells and inhibit the production of PPV progeny in permissive cell types (23) . In the parvovirus minute virus of mice (MVM), the prototype strain and the immunosuppressive strain are unable to grow in each other's murine host cells. However, each virus binds to specific receptors on the surface of both permissive and nonpermissive cell types, and both full and empty particles appeared to compete equally for cell surface receptors (51 (2, 14, 28) . The purpose of the research detailed in this report was to determine the intracellular events that restrict PPV replication in nonpermissive cell types.
MATERIALS AND METHODS
Virus and cell cultures. The 22 cell lines listed in Table 1 Virus titration and virus antigen. Virus titration and antigen detection by indirect immunofluorescence assay were carried out as described previously (37, 53) . Virus was diluted and inoculated in a 50-,ul volume onto 50 to 60% confluent monolayers of cells grown on a 12-well cell culture glass slide (Cel-Line, Newfield, N.J.) in duplicate. After 24 h of incubation, cells were fixed and incubated with rabbit anti-NADL8 antiserum raised against purified NADL8 and subsequently with goat anti-rabbit immunoglobulin G-fluorescein conjugate. Endpoint titers were calculated by counting the total number of fluorescent nuclear plaques in each well and computing the mean number of plaques from two wells. Viral antigen expression was determined directly on the infected cell types tested. (7) with either swine fetal anti-NADL8 pooled sera, rabbit anti-NADL8 serum, or normal rabbit sera (32, 34) Strand-specific oligonucleotides. Three 20-base-long oligonucleotides, designated S+, S -, and NS, were made on a DNA synthesizer (Applied Biosystems, Inc., Foster City, Calif.). The sequences were derived from both nonstructural and structural coding sequences of strain NADL8 sequenced in our laboratory (unpublished results) and confirmed by sequences of the NADL2 strain of PPV (41) (Fig. 1 (36) .
In situ hybridization. In situ hybridization was performed by using a procedure modified from those of Alexandersen et al. (1) by immersing slides into 0.1 x SSC for 10 min at 95°C and then plunging them into ice-cold 0.1 x SSC. The slides were refixed in 0.1% glutaraldehyde in PBS and acetylated in 0.25% acetic anhydride in 0.1 M triethanolamine (pH 8.0) to neutralize positive charges and thus reduce nonspecific electrostatic binding of the probe. After being washed twice in 2 x SSC, slides were dehydrated through degraded ethanol (50, 70, and 100%) and air dried.
Hybridization solution contained 2x SSC, 100 mM Tris-HCI (pH 7.5), 10 mM NaH2PO4, 10 mM Na2HPO4, 0.02% Ficoll, 0.02% polyvinylpyrrolidone, 20 mM dithiothreitol, 500 ,ug of salmon sperm DNA (5 Prime-3 Prime, West Chester, Pa.) per ml, 500 ,ug of tRNA (Sigma, St. Louis, Mo.) per ml, and 1.25 mg of nuclease-free bovine serum albumin (IBI, New Haven, Conn.) per ml. The hybridization solution was preincubated with the S-oligonucleotide probe for 1 to 2 h at 45°C before addition to the slides. Hybridization was performed at a probe concentration 5 x 104 cpm per slide under an 18-mm2 Prosil-28 (PCR, Gainesville, Fla.)-coated coverslip at 45°C for 24 h. Washing was performed in 2 x SSC-1% sodium thiosulfate-14 mM 2-mercaptoethanol at 45°C for 5 min and three additional times at 35°C for 30 min each. The slides were rinsed in 2x SSC, dehydrated in 0.3 M ammonium acetate in 50, 70, and 100% ethanol, and air dried. Autoradiographic development was followed by exposure of the slides to NTB-2 emulsion (Eastman Kodak, Rochester, N.Y.) for 5 to 7 days at 4°C. Finally, the slides were stained with Harris modified hematoxylin-eosin, air dried, and mounted under a coverslip. The percentage of cells with RF DNA (nuclear-positive cell count/total cell count) was determined under a light microscope.
Northern blot hybridization. Total RNAs were extracted from infected cells (0, 3, 6, 12, and 24 h p.i., MOI of 1) by the guanidinium thiocyanate method (12) . Approximately 10 ,ug of each RNA sample was electrophoresed through 1% agarose gels containing formaldehyde (46) , then transferred to a Hybond-N (Amersham) nylon membrane, and hybridized to either 2 x 106 cpm of 32P-radiolabeled S-or 32P-radiolabeled NS oligonucleotide probe per ml in a solution containing 2x SSC, lx Denhardt's solution (0.02% polyvinylpyrrolidone, 0.2% bovine serum albumin, 0.02% Ficoll), 25 mM sodium phosphate (pH 6.5), 0.2 mg of salmon sperm DNA per ml, and 0.5% SDS. Hybridization was carried out at either 50°C (for the S -probe) or 42°C (for the NS probe) overnight. Washing was performed once in 2 x SSC for 5 min at hybridization temperature and then three times for 30 min each at 10°C below the hybridization temperature. The membrane was then exposed to an X-ray film with an intensifying screen. The S-probe, derived from the virion minus strand in the structural protein-coding region, detected the plus strand of double-stranded RF DNAs which were in either dimer or monomer form (Fig. 3A) . The S+ probe, corresponding to the complementary plus strand in the same region of the PPV genome, hybridized specifically to the minus strand of the single-stranded virion DNA and of the double-stranded RF DNA (Fig. 3B) . The third oligonucleotide, NS, which was also of minus polarity but derived from the nonstructural coding region, identified the same target as did the S-probe (Fig. 3C) . It should be noted that modified Hirt lysates of the PPV RF DNA preparation contain only dimer and monomer forms of RF DNAs, unlike those in other parvoviruses, which contain also the single-stranded virion DNA. This Mock feature has been demonstrated in a previous study (33 (Fig. SA) . ,and uninfected ST similar to those in ST cells (Fig. SC) . The ST/MDCK OD633 ardizedgweilthbtlhet ratios of the 3.3-and 3.0-kb RNA species were both 1.3, ybHindIz-digested whereas the ratios of the 4.7-and 1.8-kb species were 12.6 ;ers (positions are and 7.5, respectively (Fig. 5C ).
e dimer (DM) and Viral proteins and progeny virions. In the primary screen-, respectively) and ing for the ability to express viral antigen following 48 h p.i. at an MOI of 1, viral antigens were detected by immunoflu- (Table 1) . To determine potential differences in synthesis of individual viral polypeptides, radiolabeled viral polypeptides VP1, VP2, and VP3 (84, 64, and 60 kDa, respectively) were precipitated by swine fetal or rabbit anti-NADL8 serum, and an NS polypeptide (86 kDa) was precipitated by swine fetal serum. All three structural polypeptides and one nonstructural polypeptide were immunoprecipitated from ST cells, but none of the four polypeptides were immunoprecipitated from MDCK cells (Fig. 6) . Intracellular or cell-associated a Determined by in situ hybridization. b Mean ± standard deviation nuclear-positive cell count/total cells under x400 microscopic field (n = 10).
c Nuclear-positive cell count, 10i cells.
infectious progeny virions and infectious progeny virions from culture fluids were produced in ST cells, and virus titers were shown to increase with time (Fig. 7) . In contrast, these progeny virions were not detected from either culture fluid-infected MDCK cells or cell lysates. DISCUSSION Restriction of parvovirus replication in nonpermissive cells. The criteria for selecting ST and MDCK cells were based on progeny and viral antigen detection by immunofluorescence. These two types of cells exhibited similar growth curves and doubling times (data not shown). ST cells supported the replication of NADL8, the prototype virulent strain of PPV, as well as other PPV strains examined and were considered permissive cells (31) . MDCK cells failed to produce PPV antigen and virus progeny following infection of any of the four strains of PPV and were thus classified as nonpermissive cells. To define the mechanisms of the restriction in PPV replication, we first determined that PPV bound to ST and MDCK cells equally well and that the binding was specific. This finding confirms evidence that both permissive and nonpermissive cells for PPV bind to and internalize the virus (23, 45) and also that the restriction in nonpermissive cells for other parvoviruses, such as MVM, is not on the cell surface but rather at the intracellular level (28, 50) .
Specificity of strand-specific oligonucleotide probes. Strandspecific probes were characterized for specificity before use as tools for studying intracellular restriction in permissive and nonpermissive cells. The three oligonucleotides S+, S-, and NS, generated from sequences either in the structural or the nonstructural region, the viral strand, or the complementary strand were shown to be specific for detecting PPV virion DNA, RF DNA, or mRNA transcripts. The probes were shown to be useful for detecting viral nucleic acids both in situ and from extracted materials. By taking advantage of the fact that the parvovirus virion contains only a single-stranded DNA with minus polarity, it is possible to differentiate the RF DNA, indicating viral DNA replication, from the virion DNA, using strand-specific probes which facilitate studies of parvoviral pathogenesis. The only other example of the application of strand-specific probes for parvoviruses has been in studies of Aleutian mink disease virus, in which the target of viral replication was identified in the alveolar type II cells in lung tissue, leading to the functional impairment of these cells and subsequent lung damage and clinical respiratory diseases (1, 5) . (40) . The number and size of mRNA species of PPV have not been previously described. In our study, oligonucleotide probes (NS and S-) provided specificity to differentiate mRNAs transcribed from the nonstructural coding region from those in the structural region. Interestingly, in MDCK cells, only two specific transcripts from the structural region (3.3 and 3.0 kb) were found to be actively synthesized and appeared to be almost equimolar in abundance to those in ST cells. The NS messages, 4.7-and 1.8-kb species, were observed in substantially lower abundance, shown in relative densities of autoradiographs. Restriction in the level of viral transcription was described in the prototype strain of MVM in nonpermissive lymphocytes (2). Cornelis et al. (14) reported that a nonpermissive cell clone infected with the prototype strain of MVM or H-1 parvovirus contained all transcripts in similar proportions but lower in abundance than in the sensitive transformed cell clone counterpart. Increasing the MOI had no detectable effect on the levels of viral transcripts. In our study, increasing the MOI from 1 to 5 in MDCK cells resulted in a similar pattern of viral RNA species. Moreover, the restriction is not the result of delayed synthesis, since analyses of viral RNA at later time points, 48 and 60 h p.i., revealed no change in the number or the abundance of mRNA species (data not shown). The difference in parvoviral mRNA concentration between these two types of cells may be traced back to a variation in either the production or the stability of viral transcripts. In the former case, this may be the result of limitation in DNA template (RF DNA) synthesis mentioned above. In the latter case, an experiment including an inhibitor of de novo RNA synthesis will address this concern.
It may be worth discussing the existence of structural transcripts and the absence or probably low abundance of nonstructural transcripts in nonpermissive MDCK cells. Indeed, NS proteins are known to positively transactivate the P38 promoter programming the structural protein genes (17, 43, 44 (6, 27, 38, 44) . In our study, no significant cytopathic effect was observed in MDCK cells following PPV infection at an MOI of
